Identification of ophidian paramyxovirus (OPMV) nucleic acid was accomplished in 11 of 14 snakes by a reverse transcriptase-polymerase chain reaction (RT-PCR) assay that detected a 153-bp region of the OPMV genome in total RNA extracted from paraffin-embedded tissues and cell culture. The RT-PCR protocol amplified a portion of the OPMV RNA genome, producing a 153-bp complementary DNA (cDNA) product from both fresh and paraffin-embedded tissue samples. In addition, cDNA:RNA in situ hybridization localized OPMV in formalin-fixed, paraffin-embedded tissue specimens to specific tissues and cells. This latter technique increased the degree of specificity with which a diagnosis of OPMV could be made.
Some of the most devastating viral diseases of animals and humans are caused by members of the family Paramyxoviridae. 1, 15 Ophidian paramyxovirus (OPMV) was initially isolated from the respiratory tract of Brazilian lance-headed vipers in 1972. 11 Since its initial discovery, OPMV has been isolated from all major snake families including elapids, boids, colubrids, and viperids. 5, 6 Clinical signs associated with acute and chronic OPMV infection are variable, often nonspecific, and occasionally subtle but may include anorexia, occasional regurgitation, acute dyspnea, stridor, pneumonia, emaciation, muscle wasting, mucoid diarrhea, malodorous stools, intestinal protozoal overgrowth, head tremors, and/or stargazing behavior. Animals also may be found dead without premonitory signs of disease.
Antemortem and postmortem diagnosis of OPMV can be difficult. Although histologic lesions such as pneumonia, syncytial cell formation, and axonal demyelination have been described, such lesions may not be present in all infected snakes. Immunohistochemical staining has improved the histologic detection of OPMV; however, this technique requires production and titration of the primary antibody and may be complicated by inherent technical problems such as masking of antigenic sites during formalin fixation and nonspecific binding of the primary antibody. [9] [10] [11] 14, 16, 17 Fluorescent antibody staining can be rapidly performed to diagnose OPMV, but frozen tissue sections are required. 11 infection, but specific paramyxoviruses cannot be distinguished. 11, 12 Virus isolation in Vero cell cultures is practical but is relative costly and labor-intensive. Immunodiagnostic techniques include hemagglutination, hemagglutination inhibition, and determination of antibody titers on paired serum specimens. 12 The presence of an OPMV antibody titer indicates exposure to the virus; however, continued infection, progressive infection, or recovery cannot be determined without paired sera.
This study was performed to develop reverse transcriptase-polymerase chain reaction (RT-PCR) and complementary deoxyribonucleic acid:ribonucleic acid (cDNA:RNA) in situ hybridization (ISH) techniques for rapid and specific diagnosis of OPMV infection in snakes. These techniques potentially would be useful for the antemortem or postmortem diagnosis of OPMV infection using fresh biological specimens as well as formalin-fixed, paraffin-embedded tissue specimens.
Accession forms and electronic databases of the Department of Pathology, Emerging Diseases Research Group for Companion Animals, and Athens Diagnostic Laboratory of the University of Georgia College of Veterinary Medicine, Athens, Georgia, were searched to identify records with a presumptive or definitive diagnosis of OPMV infection. These documents were retrieved and the hematoxylin and eosin-stained tissue sections were reviewed microscopically. Presumptive diagnosis of OPMV infection was based on the presence of acute or chronic respiratory disease, neurologic symptoms including head tremors and stargazing behavior, and unexplained deaths. Histologic lesions that were suggestive of OPMV infection included evidence of syncytial cell formation, pneumonia, and demyelination or axonal swelling in the central nervous system. Paraffin-embedded tissue blocks of 14 snakes were selected for further study. The study population included 4 True red tail boas (Boa constrictor constrictor), 1 Common boa (Boa constrictor imperator), 2 Milksnakes (Lampropeltis triangulum), 1 Diamond python (Morelia spilota spilota), 1 Green tree python (Morelia viridis), 1 Python of unspecified species (Morelia sp.), 1 Aruba Island rattlesnake (Crotalus unicolor), 1 Rhinoceros viper (Bitis nasicornis), and 2 snakes of unspecified genus and species.
Several paramyxovirus genome sequences of snakes were retrieved from the GenBank database at the National Center for Biotechnology Information, National Library of Medicine, and were aligned to identify sites of homology. Probe and primer sequences for use in the RT-PCR and cDNA:RNA ISH assays were chosen on the basis of sequence data for a snake paramyxovirus hemagglutinin-neuraminidase protein (HN) gene (ATCC-VR-1409, GenBank accession number AF286044). A cDNA sense probe was identified (5Ј-CTTGACACATAGCCTGGTCACCGTATGGTT-3Ј) that was complementary to the paramyxoviral RNA genome. This probe was constructed to detect the presence of viral RNA in the tissue specimens. A cDNA antisense probe also was identified (5Ј-GAACTGTGT-ATCGGACCAGTGGCATACCAA-3Ј) that was complementary to messenger RNA (mRNA) sequences produced from the viral RNA. This probe was used to detect the presence of mRNA that had been transcribed from the viral RNA. Theoretically, the antisense probe would hybridize in tissues infected by low concentrations of virus because transcribed mRNA concentration is usually higher in tissues where little actual viral RNA is present.
The sequences of the forward and reverse DNA primers were designed to amplify a 153-bp target sequence of the paramyxoviral genome. The sequence of the forward primer was 5Ј-CGGATCTTATTCCT-AGGGTA-3Ј, whereas that of the reverse primer was 5Ј-TGATGCAGTTGACTATCTGC-3Ј.
Ribonucleic acid was extracted from archived, formalin-fixed, paraffin-embedded tissues as follows. Paraffin tissue blocks were sectioned at 3 m, and the ribbons were placed in separate 1.5-ml microtubes. A new microtome blade was used for each tissue block to prevent carryover or contamination. Total thickness removed from the paraffin tissue blocks was approximately 10 m. Paraffin was extracted from the tissue ribbons at room temperature with 1 ml of Hemo-De (limonene) a and incubation for 10 minutes with mixing. After incubation, each tube was centrifuged at 12,000 rpm for 10 minutes and the supernatant was decanted. The paraffin extraction step was repeated and the tissue pellet was resuspended in 1 ml of 100% ethanol. The tubes were mixed to extract residual Hemo-De and centrifuged. The supernatant was removed and a second wash with 100% ethanol was performed. After centrifugation and removal of the supernatant, the tubes containing the pelleted tissues were placed in a 37 C chamber to dry. These dried, deparaffinized tissue specimens were used for total RNA extraction.
The RNA extraction procedure was based on a modified protocol of heating, freezing, and thawing the tissue pellets followed by RNA recovery using a buffer composed of 0.5% Tween 20 b in diethyl pyrocarbonate water. 19 The RT-PCR assay was performed with a commercially available kit using 1 M of forward primer (OPMV FWD2), 1 M of reverse primer (OPMV REV), and 1 l of the extracted RNA. c For thermocycling, the samples were incubated initially at 42 C for 30 minutes to allow for cDNA template formation and subsequently at 94 C for 2 minutes to deactivate the reverse transcriptase and separate the strands of the newly formed cDNA:RNA hybrids. A modified PCR protocol for amplification of reptilian paramyxoviral DNA was used. 2 Briefly, the samples were cycled 5 times as follows: 94 C melting for 1 minute, 45 C annealing of primers for 2 minutes, and 68 C extension step for 3 minutes. The cycle was then modified slightly and repeated 35 times. Modifications consisted of shortening the separation and annealing steps to 30 seconds; the extension step was unchanged. After completion of the 35 cycles, the samples were incubated at 68 C for 10 minutes as a final extension step.
On completion of the RT-PCR, the reaction mixtures were analyzed for the presence of the 153-bp product via 1% agarose gel electrophoresis containing 1ϫ Sybr Gold dye d and UV transillumination. Bands corresponding to a 153-bp amplicon suggested that target OPMV RNA had been amplified. These amplicons were purified using a commercially available PCR purification kit, e and their identity was confirmed by DNA sequencing f and BLAST similarity searches. Positive controls consisted of Vero cells infected with OPMV. g Negative controls included uninfected snake tissues, uninfected Vero cells, primer pairs, and a sterile water control to detect any contamination.
The cDNA:RNA ISH assay also was developed using published guidelines. 4 The sense and antisense probes were labeled with digoxigenin on the 3Ј-end using a commercially available kit. c Sites of cDNA: RNA hybridization were observed by high-affinity immunohistochemistry using antidigoxigenin antibody conjugated to alkaline phosphatase (1:500 dilution), a nitroblue tetrazolium chromagen solution, and 1% fast green FCF dye counterstain. Sites of cDNA:RNA hybridization were identified microscopically by the deposition of blue-black formazan pigment. Positive control slides consisted of tissue sections of Aruba Island rattlesnakes and Vero cell cultures that were infected with OPMV. 11 Negative control specimens included normal snake tissues and uninfected Vero cells. In the RT-PCR assay, gel electrophoresis of the reaction products revealed a 153-bp amplicon in 11 of the 14 snakes with suspected OPMV infection as well as in the OPMV-infected Vero cell cultures ( Fig. 1 ; Table 1 ). The additional larger bands in the positive Vero cell control were assumed to be due to the low annealing temperature (45 C) and are being investigated further. The DNA sequence of positive amplicons in the 153-bp region showed 100% homology with the expected OPMV target sequence. The cDNA: RNA ISH technique revealed OPMV viral RNA in various tissues of 11 of 14 snakes ( Table 1 ). The antisense probe showed stronger reactivity in comparison with the sense probe. Major sites of OPMV tropism included brain, lung, liver, and kidney. Within sections of cerebrum, viral nucleic acid was present within astrocytes and microglial cells in an intranuclear staining pattern (Fig. 2) . In contrast, OPMV reactivity was cytoplasmic in hepatocytes, Kupffer cells, pulmonary alveolar macrophages, respiratory epithelial cells, and renal tubular epithelial cells (Fig. 2) . Negative control preparations (normal snake tissues and uninfected Vero cells) were unreactive with both the sense and antisense probes. The tissue specimens from the 3 snakes that were negative by both RT-PCR and cDNA: RNA ISH techniques indicate that OPMV infection was not present in these individuals.
Reverse transcriptase-polymerase chain reaction detected OPMV nucleic acid in paraffin-embedded tissues and infected Vero cell cultures. Theoretically, this technique has the ability to detect OPMV RNA in a variety of biological specimens (blood, body cavity fluid, bronchial secretions and washings, other cell cultures, and biopsy specimens) to provide a definitive antemortem diagnosis of viral infection. In addition, this technique can detect OPMV RNA in formalinfixed, paraffin-embedded tissues when fresh material is unavailable. Reverse transcriptase-polymerase chain reaction also can detect low concentrations of viral RNA characteristic of latent viral infections and may display greater sensitivity than immunohistochemistry. 9, 11, 14, 17 A smaller target (153-bp segment) of OPMV RNA was chosen for amplification because ribonucleases (RNAses) are ubiquitous, are difficult to inactivate, and can degrade RNA in any type of specimen. A similar technique has been performed to detect avian paramyxovirus-1 from field samples. 7 In the research laboratory, RT-PCR has also been used to amplify and sequence the HN and L gene regions of OPMV, allowing demonstration of its phylogenetic relationship with mammalian paramyxoviruses. 13 Capture immunoassays theoretically require a larger amount of viral antigen or antibody to diagnose OPMV infection in comparison with the amount of viral RNA needed for RT-PCR detection. Antibody titers may not be detectable in early stages of OPMV infection and paired sera, taken 2-3 weeks apart, usually are required to distinguish OPMV exposure from progressive infection or recovery from viral infection. Hemagglutination and hemagglutination inhibition have been used to diagnose OPMV infection, but these techniques require more time. 3, 12 In contrast, RT-PCR can rapidly and specifically verify viral infection, provided contamination of the samples is avoided.
Reverse transcriptase-polymerase chain reaction has been used previously to characterize OPMV infection. 2 One study used RNA extracted from OPMV-infected tissue culture and primers targeting the F and L gene sequences from Fer-de-Lance Virus. 8 These target sequences were 918 and 566 bp in length, respectively, which is significantly larger than the 153-bp target region of this study. These longer target regions can be effectively amplified from RNA extracted from fresh tissue culture but would be difficult to amplify from paraffin-embedded tissue samples because RNAses usually degrade RNA strands into smaller fragments postmortem. Because of the ubiquitous presence of RNAses in the environment, the assay in this study used a smaller viral RNA target region to detect OPMV infection. In addition to decreasing the size of the target sequence, the technique used in this study provided a high degree of target homology to the sequence data contained in GenBank. The previous RT-PCR study by Franke et al. 8 showed 79% to 88% homology with the OPMV target sequence. Although this study obtained a product exhibiting 100% homology to the OPMV target region, fewer amplicons were sequenced here compared with the those sequenced by Franke et al. 8 The cDNA:RNA ISH technique allowed detection of OPMV viral nucleic acid in formalin-fixed, paraffinembedded tissue specimens. These specimens are routinely used for diagnostic purposes and are often the only materials submitted to a diagnostic laboratory for disease diagnosis. Both the sense and antisense probes were used to detect viral genomic RNA and viral mRNA, respectively. The OPMV antisense probe had stronger reactivity because it detected viral mRNA, which is usually present at higher concentrations than viral genomic RNA. In addition to viral RNA-mRNA specificity, cDNA:RNA ISH also has the ability to localize the virus within cells, tissues, and organs. This technique also can localize the virus to the nucleus or cytoplasm (or both), defining the tropism of the virus. Although RT-PCR is useful for rapid and specific detection of OPMV nucleic acid, it generally cannot localize viral infection to a given cell type or area within a cell.
Immunohistochemistry also has been used to diagnose experimental OPMV infection in snakes. 10 Immunohistochemistry requires the production and titration of polyclonal or monoclonal primary antibodies and avoidance of background staining and nonspecific binding of the antibody in tissues. Experience with single-stranded oligonucleotide probes indicates that these markers are more easily standardized for use and are subject to less background staining and nonspecific binding in tissues. Paratuberculosis, Johne disease, is 1 of the economically significant animal diseases affecting a wide variety of domestic and wild animals including cattle, sheep, goats, deer, bison, camels, and other ruminants. 3, 6 The annual economic loss in herds positive for Johne disease was estimated to be $100-200 per cow depending on the level of clinical signs. Losses incurred by the US dairy industry because of the disease are estimated between $200 and 250 million annually. 13 Mycobacterium avium subsp. paratuberculosis), the etiological agent of Johne disease, are rod-shaped, acid-fast (AF), fastidious organisms. They are 1-2 m by 0.5 m in size. 7 Most of the M. paratuberculosis strains lack mycobactins, high-molecular-weight complex lipids that are involved in iron utilization. As a result, most of the M. paratuberculosis strains require mycobactin supplements for in vitro culture. Mycobactin dependency has been considered an important factor for identification of M. paratuberculosis together with typical morphological characteristics of colonies on solid medium. 1 However, the detection of M. paratuberculosis has been extremely difficult because of slow growth and fastidious nutritional requirements. The long generation time of M. paratuberculosis requires up to 20 weeks to produce visible colonies on solid medium composed mostly of Herrold egg yolk (HEY) agar. An additional incubation of several weeks is needed to
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